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Abstract

Wwe report on a search for the lepton family-rumber-nonconserving
decays ut-+e*e~e*, ut-e*y, and u*-e*uy, using the Crysta
Box detector at LAMPF. The experiment was run in the stopped
muon channel at LAMPF during the winter and summer of 1984,
Muons were stopped in the middle of a detector system consisting
of acylindrical drift chamber, a plastic scintillator hodoscope,
and a segmented array of sodium iodide crystals. The sodium
iodide surrounded the hodoscope and drift chamber. Events
consistent with any of the above decays were recorded. The
off-1ine data analysis imposed requirements on the timing, vertex
location, and energy and momentum conservation for each event.
Radioactive sources, corventional muon decay spectra, and photons
from the process a~ p~n¥ and «~ p~nn® were used to provide
energy calibration and resolution estimates. The inner
bremsstrahlung processes p¥-e*ess and pt-ete"etv¥ were
observed at the expected rates. Details of the detector, the data
analysis, and our latest bounds for the tranching ratios will be
presented
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It s my pleasure to present to you, today, some preliminary results
on a search for rare muon decays carried out at LAMPF. The experiment ran
during the winter and summer 1984 cycles of the LAMPF calendar with a
detector called the Crystal Box. The name of the detector was derived from
the large number of sodium iodide detectors used in the experiment. This
appears to be a case of carrying crystals to Crystal City.

we looked for the lepton-family-nonconserving decays of a muon into
an electron and a photon and for the three~body decays of a muon into an
electron and two photons or into three electrons. The experiment was
mounted by a collaboration of physicists from Los Alamos National
Laboratory, University of Chicago, Stanford University, and Temple
University (fig. 1).

To place the experiment in context and to explain why the effort was
undertaken | would like to briefly comment on the "Standard Model” (fig. 2).
The “Standard Model” groups the leptons into three famlies. By construction
It conserves the additive lepton family numbers associated with these
groupings. Furthermore, the various interactions described by the “Standard
Model” do not mediate lepton-family humber-changing processes. AS a
fundamental thecry of the world the “Standard Model” 1s consistent, but
incomplete. Various extensions that can produce our studied transitions
have been proposed, for example the existence of massive neutrines and
neutrino oscillations, modifications of the Higgs sector of the theory, and
enlargements of the gauge group as in grand unified theories anc
supersymmetric theories. Different extensions predict different rates for
each of the muon rare-decay modes. It is, therefore, important to search for
all three modes. In this way the proposed extensions may be comparad with
the experimental 1imits and judged accordingly.

The study of tiie decay modes of the muon began in 1947 with the
availability of muon beams from the postwar accelerators. There has been a
steady history of improvement in experiments searching for these decays as
shown In f1g. 3. No lepton-family number-nonconserving decay has been seen.
The 90K confidence level 1imits on the branching ratios for these decays
prior to this experiment are shown in fig. 4. It I8 interesting to note that the
limits for the three modes eg, egg, and eee were established at the three
“meson factories” LAMPF, TRIUMF, and SIN, respectively.

An experiment sensitive to a branching ratio of the order 1010



requires a sample of approximately 10! ! muon decays (fig. 5). The long
litetime of the muon (2.2 x 1070 second) makes it necessary to use stopped
muons, as opposed to using inflight decays. To detect the decays of this
many stopped muons the detector must subtend a large solid angle and be
able to operate at high rates. To distinguish candidate events from the
backgrounds requires that the detector elements have high resolutions and an
ability to distinguish between charged particies and photons. Finally, to test
the apparatus it is useful to have a reference signa’. With these points in
mind, | will now discuss the observable for the three decay modes and the
sources of background signals, then turn to a description of the Crystal Box.

The kinematic observables for the two- and three-body decays are
Nlustrated in fig. 6. They are based on t™e conservation of energy and
momentum in the muon rest frame. The background signals consist of
electrons from conventional muon decay (p-+ev¥) and photons from
bremsstrahlung and pair annihilation. The backgrounds divide themselves
into two classes: accidental events that superimpose to meet the trigger
requirements and prompt events that come from the inner bremsstrahlung
process p—+¢¥o¥ (fig. 7). The inner bremsstrahlung events aiso provide the
test signal mentioned above.

The Crystal Box Is a Getector designed to look simultaneously for the
three rare muon decays. It consists of acylindrical drift chamber, a plastic
scintillator hodoscope, and a segmented sodium lodice calorimeter. A
cutaway diagram of the detector Is shown in fig. 8 and a summary of its
parameters {s shown In fig. 9. A 27 MeV/c u* beam was stopped ina 6.7 cm
diameter and 0.57 gm/cm2 thick polystyrene target located Inside of the
drift chamber. The detector elements surround the target and are aligned
symmetrically about the beam axis. During the experiment the instantanevus
stopping rate varied from 4 x 10% to 8 x 106 muon stops per second. This
allowed us to measure the detector's sensitivity to signal pileup and to
optmize the stopping rate.

The drift chamber provided position and target vertex location
Information for charged particles. It consisted of 728 cells arranged In 8
concentric layers. Alternate layers were inclined 12° to 16° from the axis
to provide stereo informatfon. The drift chamber hits were recorded by a
LRS 4290 TDC systern and used in the off-line analysis. The drift chamber
was not used In the on-line trigger. The drift chamber was enclosed by the
scintillation counter hodoscope.
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The plastic scintillation hodoscope consisted of 36 counters viewed
on either end by photomultipliers. Each counter shadowed the adjacent row
of sodium iodide crystals from the target. In this way the scintillators
provided a photon veto signal when used in conjunction with the sodium
todide crystals. The scintillator signals were used to provided the charged
particle timing.

The sodium fodide crystals surrounded the rectangular box-shaped
enclosure formed by the scintillator hodoscope. Each crystal was 63.5 mm x
63.5 mm square and 304.8 mm long (12 radiation lengths). They were
packaged in arrays of 9 crystals across and 10 crystals deep. The individual
crystals were optically isolated from each other by white opaque paper (to
keep the amount of inactive matertal in the calorimeter to a mintmum).
There were four additional arrays of crystais located along the corner
intersections of the four quadrants. The entire assembly was sealed in an
airtignt aluminum container to protect the hygroscopic sodium iodide. The
array operated as a shower caloerimeter; there was no magnetic field. An
energy resvlution of 6.3% at 130 MeV was achieved by summing the central
25 crystals around an event. The segmentation of the crystals provided
position information for photons and charged partic'es.

A Monte Carlo simulation was developed to model the detector's
operation and to produce the probaoility distributions used in the analysis
(fig. 10). The simulation modeled all the detector elements and the geometry
of the Crystai box. Events were "thrown" from a target according to the
measured beam distribution and electrons and photons were transported
through the drift chamber to the scintillators. Drift chamber hits were
recorded for charged particles. For a target the code used either the
polystyrene stopping target, a scintillation counter (called the "1-counter”
and used for a timing reference), or a 11quid hydrogen target (used tn
conjunction with & m~ beam ior calibration purposes). The code EGS |1l was
then used to model the shower and to estimate the energy deposited in the
scintillators and the sodium iodide. The simulated event, which consisted of
arift chamber hits and ADC and TDC Information, was checked against the
trigger logic requirements. If 1t met the conditions for a trigger then the
event was written on an output {ile in the same format as the real data All
subsequent analysis was done with the off-line replay code. The Monte Carlo
generated events and the real data were treated identicaily.

The eneray and timing calibrations of the detectors in the Crystal
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Box were carried out with sources and u* and 11~ beams on special targets.
The techniques used to calibrate the sodium iodide shower calorimeter are
shown in fig. 11. The timing calibration techniques are illustrated in fig 12.
These are described below.

The energy calibration of the detector was carried out by several
processes and at several energies. A Pu-Be radioactive source that produced
a 4.4 MeV photon was used to set the hardware gains. A xenon flash lamp and
a system of fiber-optic cables, which coupled the light pulse from the flash
lamp to each sodium {odide photomultiplier tube, were used to monitor the
stability of the hardware. The energy spectrum of positrons from
conventional muon decay was used to provide a midrange energy calibration
(1.e., 53 MeV). The measured spectrum and the Monte Carlo simulated
spectrum from conventional muon decay are shown In figs. 13 and 14
Several times during the experiment the drift chamber was removed and a
liquid hydrogen target was installed inside of the box. The beam line was
retuned to transport n1-, which stopped iIn the hydrogen. The ™ p~*n¥
reaction produced a 129.4 MeV monoenergetic photon. The measured
spectrum is shown in fig. 15. The #~ p-nn® reaction and the subsequent
decay of the 11° provided photons with energtes ranging from 55 MeV to 83
MeV. The two photons from the 11° decay were also concldent in time and
were used to measure the timing resolution of the sodium fodide.

The time delays in the sodium fodide and the plastic scintillation
counters were measured with a reference scintillation counter called the
“I-counter”. The |-counter was located behind a small hole In the polystyrene
target and intercepted a small fraction of the muon beam. The muons that
stopped in the |-counter and decayed produced positrons that generated
signals in the | -counter, the hodoscope, and the sodium fodide at
well-defined times. The entire set of 504 detector elements were
time-delay compensated with this counter to within one nanosecond of each
other

A time-concident source of positrons and photons was provided by
the Inner bremsstrahlung decay p—+e¥vB. A “time spectrum” for
positron-ptoton (e¥) coincidences Is shown iIn fig. 16. A “prompt peak” Is
clearly visible above the random hackground. (The background part of the
spectrum was folded wit’ the detector's time resolution. This is why the
background does not appear a3 flat In the figure.) The background composition
may be examined by Imposing a kinematic cut on the data. The quantity
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B tEyHPo+Pyl must be less than or equal to the muon mass for the event to
have come from a y-se¥»# decay. Events with this quantity being greater
than the muon mass could not have come from a u-e¥vP decay and represent
random background (fig. 17). The e¥ time spectrum with this cut imposed Is
shown In fig. 18. The uncut e¥ time spectrum (fig. 16) illustrates the
character of the signal p—e¥ decay. The task of extracting the real
rare-decay signal from this data is what | would like to discuss next.

The analysts variables for the decay p-»e¥ are: the positron energy Eq
and the photon energy Ey (both nominally 52.8 MeV), the angle & between
them (nominally 180°), and their relative times of detection At (they should
be concident, i.e. At=0). The backgrounds come from the inner
bremsstrahlung events e®ff and randoms. The analysis variables are
summarized in fig. 19. To extract a confidence !evel for a limit on the
braching ratio a maximum likelihood analysis was used. As fllustrated in fig.
20, the three processes e¥, @¥»#, and randoms contribute to the measured
spectrum and have probabllity densities denoted by P, Q, and R, respectively,
that are functions of the analysts variables. Given a sample of N events a
likelihood function is constructed and maximized to find the most likely
number of ¢¥ and e¥od events in the sample. The e¥ and the e¥v¥ probability
censities (P and Q) are estimated from Monte Carlo generated distributions
and these are shown in figs. 21 and 22. The randoms distributions are
measured by using an out-of-time trigger, and the R probability density is
the product of the four distributions (7ig. 23).

The value of the likelihood function as a function of the number of e®
and e®f{ events is shown in fig. 24. The projections onto the e¥vd and the o¥
axes are shown In figs. 25 and 26. For this set 0.97 x 10! ! muons were
stopned. The sample was restricted to those events withEy > 41 MeV,

Ee > 40.5MeVv, and 6 > 160° and contatined 1030 events. The maximum
Iikelihood estimate for the number of e®ff events in this sample is 215 $20.
The Monte Carlo simulation predicts 245 events. The probability of a p~e¥vd
event with Ey and Eg near 52.8 MeV falls from 1070 at 36 Mev to 1079 at

47 MeV, as shown In fig. 27, and provides a rather critical test of the
detector's operation. The agrement between the observed and the predicted
number of e¥v¥ events gives us confidence that the calibrations and
resolutions of the detector and the normalization are understood. The
maximum likelihood estimate for the number of ¥ events has a maximum at
zero events and has less than 3 events at the 90K confidence level. The
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product of the acceptance and the efficiency i1s 228. With these values the
limit on the branching ratio for the deczy p-+e¥ is then less than 1.4x 10710,
These results are summarized in fig. 28.

The analysis of the p—e¥¥ events IS In the preliminary stage. we are
working to understand the nature of the backgrounds. At this time we do not
feel confident enough to employ a likelihood analysis; instead we have used a
correlated-cut probability analysis. The analysis variatlies for this
three-body decay are the total energy, a time coincidence, and the sum of the
vector momentum. The background events arise from three-fold accidental
coincidences, #¥v¥ events in time with a random photon, and two-fold
photons in time with a random electron. These are {llustrated in fig. 29. To
carry out the cut analysis the probability that each event in the sample was
consistent with the kinematics of a decay into three bodies was computed
(fig. 30). The probability densities for each of the analysis variables were
derived from the Monte Carlo simulation. A data event was assigned a
probability in each of the four variables and their product was calculated.
The resulting number of events with a given probability density was then
plotied in a histogram. For comparison purposes a Monte Carlo simulation of
the inuon-number-violating decay p—e¥¥, based on a general local
Interaction, was used to produced an analogous histogram. These histograms
are shown in fig. 31. (In these figures the negative of the logarithm of the
probability density is plotted, so increasing probability density is to the
left.) In a sample containing 2.2 x 10! ! stopped muons, with a final
acceptance and efficiency product of 3.05%, the upper 1imit for the branching
ratig of the decay u—e¥¥ 15 less than 3.8 x 10710 at the 90% confidence
level. These results are summarized ir fig. 32.

These results are preliminary and are based on a fraction of our total
data. The results for the data analyzed to date are summarized tn rig. 33. A
total of 9.5 x 10! ! muons were stopped in the »xperiment. The analysis of
the remaining data is underway and we expect to achieve final sensitivitics
of atew times 10711 At this time we see no evidence for the
nonconservation of seperate farntly numbers in muon decay.
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STANDARD NODEL

Conserves Lepton Family Number

It Is Consisient -- But Incomplete

Tests of Lepton Famiiy Number Conservation

¢ Muon Decays

® Neutrino Oscillations

Extensions of The Standard Model Should
De Compatible With the Measured Limits

For These Processes
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PUBLISHED LIMITS PRIOR TO THIS EXPERIMENT
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EXPERIMENT DESIGN
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KINEMATICS, OBSERVABLES
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BACKGROUNDS

Accidental coincidences:

e : Michel positrons from normal
muon decay

Y : Bremsstrahlung
Positron annihilation
Misidentified electrons

Prompt background:

Inner bremsstrahiung e yvw
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PARAMETERS OF THE CRYSTAL BCX

6.7 cm

52 mg/om

95%
6.7 x 10 rad length
2 mm

ps (FWHM)
6.35 x 6.35 x 305 cm

12 ns
87 @ 50 MeV



MONTE CARLO SIMULATION

Cade models detector elements and goometry
of the Crysial Box

Events:
- beam disiritution
- “l|-counter’
- 1iqsid hydrogen target

EGS 3 shower coce

Gives (imulated events in the same format as
the real dats

Furtker aaalysis uses the same replay code. so
da s aad Monte Carlo events are treated identically



CALIBRATION

SODIUM JCOIDE ENERGY
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T p—nY E = 129.4 MeV
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Ls YY  SSMev<E <y 83 MeV
L —e VvV Positron Energy
Spectrum

Light Flasher - Fiber Gptic System
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o Events satisfying thic inegaalify have the
Possibitidy of Coming from & musn decay with

inner bnhssMhn,

® Evenis >m” must be randoms
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g —>e Y
Analysis Variables:
¢ Positron Energy........... 52.8 MeV
¢ Photon Energy.............. 52.8 MeV
® Angle....nneen. 180
® Timing.....enne. coincident
Backgrounds:

o Inner Bremsstrahlung
¢ Randoms

VW oo



MAXIMUM LIKELIHOOD ANALYSIS

Bur variables desaribe the evenis
T - 6, A)

Three processes contribute to the measured spectrum:
€7, ey, random)

PY) = probelility density for ey ot ¥

Q) = probehility density for envv ot *

R(X) = probebility density for random at 2
Given a sample of N events,

salve for a and £ to give maximum likelihood
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ey SUMMARY

i
097x10  MUONS STOPPED

eyw 8 OBSERVED: 215 ¢ 20

EXPECTED- 245

e Y a MAXIMUM: a=20

90% CL : a<io

Acceptance x Bfficieacy = 22 %

Branching Ratio < 14210
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Analysis Variabies:
e Total energy ................ 106 MeV
o TiMiNG ..o . At=0

¢ Vector Momentum in
Decay Plane

e Coplanarity

Backgrounds:

e Triple randoms

’C'YW'x'Ym

* (W)' ermdon



M - € 7y v PROBABILITY ANALYSIS
Four variables:

EM=E0+E71+E7.
Tm,=\/2(t_—ti)2
ﬂj‘

EL

P

PR) = prlEret) * PelTrms) X pallB p4(:%b
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eyy SUMMARY

11
22X 10 MUONS STOPPED

Acceptance x Efficlency = 3.05 %

-10
BRANCHING RATIO ¢ 38x10



SUMMARY

CRYSTAL BOX (PRELIMINARY) 90% CL s

B(h+ey )<1.4x10

Blh-eyy)<3.8x 10

o 10

B(useee ) <1.3x10

No evidence for n-aconservation of
seperate family numbers in muon decay

]|
' Based on 0.97 x 10 muon stops

"
* Dased on 2.20 x 10 muon stops

1"
Total number of muon stops In final data = 9.5 x 10

-1
Expect a final sensitivity of a few x 10



